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Towards a mechanistic understanding of the sol-gel syntheses of
ternary carbides

Jan P. Siebert?, Mikkel Juelsholt®,
Christina S. Birkel*?¢

Damian Gunzing, Heiko Wende®, Katharina Ollefse,

Sol-gel chemistry, while being extremely established, is to this day not fully understood, and much of the underlaying
chemistry and mechanisms are yet to be unraveled. Here, we elaborate on the sol-gel chemistry of Cr.GaC, the first layered
ternary carbide belonging to the MAX phase family to ever be synthesized using this wet chemical approach. Leveraging a
variety of both in- and ex-situ characterization techniques, including X-ray and neutron powder diffracion, X-ray absorption
fine structure analyses, total scattering analyses, and differential scanning calorimetry coupled with mass spectrometry, in-
depth analyses of the local structures and reaction pathways are elucidated. While the metals first form tetrahedrally and
octahedrally coordinated oxidic structures, that subsequently grow and crystallize into oxides, the carbon source citric acid
sits on a separate reaction pathway, that does not merge with the metals until the very end. In fact, after decomposing it
remains nanostructured and disordered graphite until the temperature allows for the reduction of the metal oxides into the
layered carbide. Based on this, we hypothesize that the method is mostly applicable to systems where the needed metals

are reducebale by graphite around the formation temperature of the target phase.

Introduction

Sol-gel chemistry is among the very traditional and established
techniques in chemistry, and dates back to as early as 1846! when
Ebelmen discovered the spontaneous gel-formation of a SiCls-
derived alkoxide. Now, more than 150 years later, the underlaying
processes — hydrolysis and condensation — have been widely studied
and applied to a plethora of systems. Initially developed for the
synthesis of oxides,? carbides,3* nitrides,> and borides® are nowadays
also accessible through sol-gel chemistry.” Furthermore, the number
of possible sol-gel starting materials knows almost no limit and has
been vastly diversified from the original alkoxide-based chemistry
and includes, for instance, small molecule routes as well as polymer-
based gels. As a result, the obtainable range of materials,
compositions, morphologies, and microstructures is enormous.” For
instance, besides oxides in complex quaternary stoichiometries,?
non-oxidic (hollow) microspheres® and thick films,® as well as
microwires® have been successfully synthesized.

However, in contrast to its long history and amount of research that
has been dedicated to sol-gel chemistry, the reaction mechanisms
still need to be fully understood today. While the community has
agreed on basic processes involved in the gel-forming and
combustion step — i.e. hydrolysis and condensation reactions
followed by solid-to-solid crystallizations® — these concepts are still
rather broadly described.” Furthermore, an overwhelming majority
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of studies focus on oxidic systems,1? in part due to the simplified
experimental setup, that does not require controlled atmospheres.
For a controlled synthesis targeting specific properties and
compositions understanding the mechanism is essential.ll
Particularly in the lesser studied carbide and nitride systems this has
proven to be critical. Schnepp et al.,12 for instance, demonstrated the
need for such in-depth studies for the FesN/FesC system in
elucidating the reaction pathway. Here, the nitride phase was shown
to be the intermediate product, emphasizing how important the
understanding of reaction mechanisms is when specific (metastable)
products are targeted. In a different work, the sol-gel controlled
synthesis of YBCO (YBa,CusOg) nanowires!3 was found to be enabled
via the restricted nucleation in the gel-matrix. The investigation into
the mechanism revealed that the hindered nucleation of BaCO;
crystals allows them to act as tiny catalysts from which the nanowires
start to grow. Additionally, that specific behavior has a direct impact
on the nanowires’ superconductivity, as this property depends on
the local microstructure. A more exotic example by Charpentier et
al.** beautifully demonstrates another facet to mechanistic studies:
the discovery of entirely new reaction pathways. Their work in
supercritical CO; revealed a substitution-condensation process, as
opposed to the generally accepted hydrolysis and condensation
route.

With high performing materials in increasing demand, this in-depth
insight is directly needed to rationally design syntheses, particularly
for more complex systems and technologically useful morphologies.
In the case of ternary carbides and nitrides, MAX phases have
attracted considerable interest during the past 25 years. This family
of compounds (Mn+1AX») crystallizes in a hexagonal crystal structure
(P63mmc). Hereby, M are mainly early transition metals, A represents
main group (semi)metals, and X is either carbon or nitrogen.
Originally discovered by Kudielka and Rohde?> in 1960, and classified
by Nowotny and coworkers® shortly after, they’ve been of great
scientific interest ever since the works of Barsoum and coworkers.”
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In fact, they can be described as metallic ceramics or ceramic metals
due to the unusual combination of both metallic and ceramic
properties, including electrical conductivity, stiffness, chemical
resistance, and damage tolerance to name a few.18 These properties
originate in the layered crystal structure of MAX phases. The edge-
sharing MX octahedra form a layer, that expands only on a 2D plane
(for n = 1). Higher order MAX phases (n > 1) add additional MX layer
to the structure, however, the octahedra “multilayer” still primarily
extends in a 2D plane. The A element sits as a single layer in between
the octahedra, and is coordinated by the M element in a trigonal
prismatic fashion. Figure 1 depicts the (extended) crystal structure,
showing the octahedra layers interleaved by the atomic layer of A.

It has previously been demonstrated*!® that sol-gel chemistry is a
viable, versatile, and new technique in the MAX phase community,
however, the reaction pathway has not been fully elucidated. This
study therefore aims to improve the mechanistic understanding of
the sol-gel synthesis of Cr,GaC. For this purpose, neutron powder
diffraction (NPD), X-ray diffraction (XRD), neutron and X-ray total
scattering with pair distribution function analysis (PDF), ex-situ X-ray
absorption spectroscopy (EXAFS), in-situ differential scanning
calorimetry in conjunction with mass spectrometry (DTA-MS), and
electron microscopy (SEM, EDS) analyses were carried out. Based on
the initial results reported for Cr,GaC,* the mechanism is significantly

refined and expanded on.

Experimental

The sol-gel synthesis of Cr,GaC for ex-situ studies is described in
detail elsewhere.* In short, the metal nitrates and citric acid (Ga-
nitrate and citric acid obtained from Alfa Aesar, Cr-nitrate purchased
from Sigma Aldrich, all used without further manipulation), where
dissolved in deionized water in a 2:1:9 ratio according to the MAX
phase stoichiometry, whereby citric acid was used in a ninefold
excess. Calcinating the resulting gel at 1050 °C for 5 hours under
flowing Ar yields the MAX phase. A detailed synthesis protocol can
be found in the SI.

For various ex-situ investigations (NPD, synchrotron XRD, PDF,
EXAFS), the reaction was terminated at specific temperatures (early
to mid-stage between 300 °C and 600 °C; around the crystallization
temperature of 700 °C; and the late to final stage at 800 °C and
1050 °C) to gain insights into the reaction pathway. In case of in-situ
experiments (DTA-MS), the gel was prepared as described and fully
dried at 100 °C overnight prior to the measurement. Synchrotron
XRD and total scattering data were collected at Deutsches Elektronen
Synchrotron (DESY) at beamline P02.1. The samples were loaded into
a 1 mm Kapton capillary and measured with a wavelength of A =
0.207 A. To obtain the PDFs, the X-ray scattering signal from an
empty Kapton tube was used for background subtraction. The X-ray
PDFs were obtained using PDFgetX32° in XPDFsuite.2! Neutron total
scattering experiments were carried out at Oakridge National
Laboratory’s Spallation Neutron Source using the Nanoscale-Ordered
MAterials Diffractometer (NOMAD).22 Here, the samples were
loaded in 3 mm diameter quartz capillaries, which were measured
against an empty reference capillary to reduce background noise.
Using the in-house program ADDIE?® the obtained data were
reduced. The neutron PDF was obtained via PDFgetN324 out of the
5(Q) extracted with ADDIE. Total scattering data were refined using
PDFgui?> and more information on the PDF modelling can be found
in the Supporting Information.
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EXAFS experiments were carried out at Diamond Light Source using
beam line B18 for the Cr K-edges and the Ga K-edges. Data were
collected in transmission mode at ambient temperatures. Further
data analysis was carried out with the software packages FEFF and
Larch, which utilizes the fitting tool FEFFIT.26:27

Electron microscopy was carried out on carbon tape, whereby a Zeiss
Auriga microscope equipped with an energy dispersive spectroscopy
(EDS) silicon drift detector (SDD) (Oxford Instruments, Ultim MAX)
was used, with accelerating voltages ranging from 5 to 20 keV. To
prepare samples, the ground powder was attached to the sample
holder using carbon tape. Calorimetry measurements were carried
out on a Netzsch STA 449 F3 Jupiter® (DTA) with an on-line mass
spectrometer (WMS 403 Aelos) under flowing Ar. The reader is again
referred to the Sl for full details.

Results and discussion

Before discussing the mechanistic details of this study, the results of
the synthesis and characterization of Cr,GaC are laid out. Figure 1
presents the structural characterization of Cr,GaC, as obtained from
the sol-gel synthesis. The refined XRD data reveal mainly the target
MAX phase, however, a side phase can be identified. With about
16 wt-%, CrsC; accounts for a smaller fraction in the final product.
This impurity is not surprising, as it represents a stable binary
compound. Considering the large amounts of carbon available in the
system (see Figure 1 (d) EDS data), the formation of a carbon-rich
phase is to be expected. In the present system, only Cr is known to
form binary carbides, explaining the observed phase composition.

The refined unit cell parameters a=2.89129(3)A and
Data (b) Ruxp: 1.75 Data
- Difference Ryp: 2.79 Difference
Calculated FOR A Calculated
| Cr,GaC | .~ Cr,GaC
S (M| | Cr,C, = i Il Cr,04
g CI | Rexp:1'78 g :; i | ;
8 b | Ry, 3.61 o
o P WWM

10 20 30 40 50 60 70 80 90
20/° A =1.5406 A

10 20 30 40 50 60 70 80 90

Cr

Cr 6.53at-% :
Ga 3.26 at-% g
C 90.2 at-%

Figure 1: (a) and (b) Rietveld refinement of XRD data of Cr.GaC synthesized
at 1050 °C and 800 °C, respectively. Data shown in black (dots), refinement
shown in orange, and the difference curve is shown in grey. The refined
phases are indicated by their respective hkl markers.284243 (c) SEM
micrographs showing the particle morphology at different magnifications. (d)
SEM EDS showing the homogeneous distribution as well as the 2:1 ratio of Cr
and Ga.

c=12.6090(2) A match the originally reported values well.2¢ Full
refinement details can be found in Tables S 1 —S 4 (SI). As expected,

This journal is © The Royal Society of Chemistry 20xx
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based on the previously reported work,* lower reaction
temperatures (800 °C, Figure 1(b)) result primarily in the formation
of oxides (see also SI for more refinement details). The
microstructural analysis of Cr,GaC is also shown in Figure 1 (c) and
reflects the typical busy morphology shown elsewhere.* The layered
nature of the MAX phase is clearly visible at higher magnifications,
whereby the layers themselves are randomly oriented, stemming
from the uncontrolled crystal growth during the combustion step.
The elemental analysis shown in Figure 1(d) demonstrates the
homogenous distribution of all elements, while no other impurities
can be detected. The excess carbon is also noticeable in the
quantification, which is a result of the citric acid excess needed to
achieve a full reaction conversion (see mechanistic study below).
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Figure 2: X-ray diffraction data obtained from the 8 samples collected at
different stages of the reaction. (b) Comparison of the diffraction data
obtained from the 725 °C sample to the diffraction patterns of selected
chromium and gallium oxides. (c) The resulting PDFs from the diffraction data
in (a).

This journal is © The Royal Society of Chemistry 20xx
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Turning to the mechanistic part of this study, we start by looking at
the scattering patterns obtained from 8 points throughout the
reaction, which are shown in Figure 2 (a). The reaction was
terminated at 400, 600, 700, 715, 725, 800, and 1050 °C and the
products were subsequently structurally characterized. Based on the
X-ray diffraction data the initially formed phases between 400 —
725°C are barely crystalline and show only a few broad diffuse
scattering features. Upon heating to 800 °C crystalline compounds
are formed, mainly the MAX phase of interest, Cr,GaC and Cr,0s.
Upon further heating to 1050 °C Cr,03 is consumed leaving the MAX
phase as the only major component.

However, to understand the chemistry occurring during the synthesis
we need to understand the structural chemistry occurring prior to
the formation of the crystalline compounds. As shown in Figure 2 (b)
it is not possible to index the few features present in the diffraction
data at lower temperatures to any known crystal structure. Instead,
we Fourier transform the X-ray scattering patterns into the X-ray
PDFs to better analyze the atomic structure (Figure 2 (c)).

The PDF obtained from the samples synthesized between 400 °C and
725 °Care more or less identical except for the PDF range itself which
increases with increasing temperature. This shows that no structural
changes occur during the heating from 400 to 725 °C, but that the
formed atomic structure only increases in ordering. The fits in
Figure S2 show that neither the Cr,GaC structure nor the Cr,0O3
structure can describe the atomic structure of the formed
nanostructure.
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Figure 3: EXAFS data and fits of the (a) Cr K-edge and (b) Ga K-edge of the

three prepared samples. Measurements are indicated in grey, corresponding
fits are coloured. Fast Fourier transform is not phase corrected.
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Instead, the initially formed atomic structure is different from crystal
structures formed at higher temperatures. The first major peak in the
X-ray PDF is at 1.8 A which correspond to either a M-O (M = Ga or Cr)
or a Cr-C distance since Ga does not form direct bonds with C. As
exemplified in the calculated PDFs in Figure S 1, the Cr-C peak is very
weak because the number of Cr-C distances in chromium carbides is
very low. Instead, the intense X-ray PDF peak at 1.8 A suggests the
formation of an oxide, which is also supported by the EXAFS data
presented (Figure 3). Similar to the total scattering studies, X-ray
absorption spectroscopy data of the Cr and Ga K-edges were
recorded. Here, the reaction was again terminated at different states
to gain insight into the early (300 °C), mid (600 °C), and end stage
(900 °C) of the reaction. Looking at the extended fine structure the
local environment of the absorbing atom (Cr or Ga) is uncovered, as
well as the electronic structure by analyzing the near edge (see SI,
Figure S 4). Figure 3 presents the EXAFS measurements of both the
Cr and Ga K-edge at different reaction temperatures including the
according fits. Based on that, and in line with the PDF analysis, the
data suggest that the neighboring atoms around Cr are either C or O
(paths taken from the Cr,03 structure). Because of the similarity of C
and O, a clear distinction solely based on EXAFS is not feasible,
however, taking the PDF results into consideration, C can confidently
be ruled out. Looking at the scattering paths of the low- and mid-
temperature state of the reaction, no significant change takes place,
which was already observed in the PDF data (Figure 2 (c)). The
notable change takes place after heating the reaction to completion
(see Figure 3). However, the environment of the absorbing Cr atom
changes when reaching 600 °C, which can be due to a starting
crystallization or increase in long range ordering. This is indicated by
the second peak in the FFT, which can be attributed to an additional
Cr atom at roughly 2.9 A. This observation is again in line with the
PDF analysis, where an increased long-range ordering is observable
in this temperature regime.

The X-ray PDF and the EXAFS data show that the first structure
formed is an oxide. However, Cr and Ga are not commonly known to
form any oxides containing just the two metals. With other transition
metals, such as Mn, gallium tends to form oxides with the spinel
structure.?® Initially, it was attempted to describe the obtained PDF
at 725°C with a spinel structure where we placed Ga on all metal
sites to simplify the model and the resulting fit is shown in Figure
4 (a). The dampening from the size of the nanostructure was refined
through a spherical dampening envelope. The spinel does a fairly
decent job describing the PDF. From the spinel fit it is possible to
identify the interatomic distances giving rise the first three peaks of
the X-ray. The first is, as already mentioned, the M-O peak as
indicated in Figure 4 (b). The second peak at 3 A is the M-M distance
between two octahedrally coordinated metal ions, Og4. The third is
the M-M distance between a tetrahedrally coordinated metal ion
and an octahedrally coordinated metal ion, Tq4. All three distances are
also shown in Figure 4 (b). These three fundamental peaks are
present already at 400 °C. Combining the spinel structure with other
crystal structures such as Ga;03 or Cr,03 did not improve the fit.

4| J. Name., 2012, 00, 1-3
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Figure 4: (a) Fit of a MnGaOsa spinel crystal structure with Mn replaced with
Ga to the PDF obtained from the 725°C sample. The 3 indexed peaks
correspond to the 3 distances shown in the reported spinel crystal structure
shown in (b). Mn is shown in purple, Ga in green and O in red, with the
polyhedral reflecting this color scheme.

However, the spinel model has two main issues. Firstly, Ogq is slightly
too short and the peak corresponding to Tq4 is too intense. The
intensity of a PDF peak is related to the number of distances
contributing to the peak and the scattering length of the atoms
involved. It would be tempting to explain the lower intensity of the
Tq peak with the presence of Cr on the tetrahedral site because Cr is
a weaker scatterer of X-rays than Ga. Unfortunately Cr(lll) has a
strong preference for octahedral coordination,3® while Ga(lll) in
oxides can have both tetrahedral and octahedral coordination.
Therefore, it is highly unlikely that Cr is placed on the tetrahedral site.
Instead, it is observed in nanostructured spinel oxides where the
overall occupancy of the tetrahedral site is lower than 1.3132 Refining
the overall occupancy of the tetrahedral site gives the fit in Figure
5 (a), which solves the excess intensity of the T4 peak. Sadly, this does
not solve the too short O4 distance as seen in the inset in Figure 5 (a).

This means that the spinel structure is not the correct description of
the nanostructured oxide as shown in Figure 4 (a). However, since
the spinel structure provided a reasonable description of the PDF,
the nanostructured phase formed at lower temperatures should
resemble a spinel oxide with octahedral and tetrahedral sites.
Probably with a lower occupancy of the tetrahedral sites. As shown
in Figure S 3 in the supporting information several Ga,0s3 structures

This journal is © The Royal Society of Chemistry 20xx
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with octahedrally and tetrahedrally coordinated metal ions provides
a good description of the PDF. However, the PDF is decisively best
described using a spinel-oxide-like VO13 phase,? shown in Figure
5 (b). As shown in Figure 5 (c) VOy3 has 3 different octahedral and
two different tetrahedral sites. The tetrahedral and octahedral site
marked in Figure 5 (c) have their occupancy linked so that the total
sum is equal to 1, suggesting that if one of the sites is occupied the
other is not. Refining this ratio leads to the fit in Figure 5 (b) with a
0.28 occupancy on the tetrahedral site. The refined structure has an
overall stoichiometry of Ms;064 and with both metals being in
oxidation state 3+ this is not a charge balanced formula.

The charges can be balanced if the metal sites have an average
occupancy of 32/39 or around 0.82051. However, this does not
change the fit, except for the tetrahedral occupancy which instead
refines to 0.22. In general, trying to refine the occupancies further,
e.g., the Cr and Ga ratio on the different sites does not change the
fit, which means that the X-ray PDF data obtained here are not
sensitive enough to detect the distribution of the Ga and Cr on the
different metal sites. Instead, Ga was assumed on all metal sites.
Several refinements with a second phase, e.g. Cr,03 and Cr,GaC were
also attempted, but none of them indicated the presence of a second
phase.

The unit cell refines to a = 11.52 A and ¢ = 8.62 A, but the spherical
diameter of the crystallite size refines to only 17 A. Therefore, the
largest nanostructure formed at 725°C could not even contain 2
complete unit cells. At lower temperatures, where the atomic
structure is the same, the ordering in the PDF is smaller than even a
single unit cell. It does therefore not make sense to describe the
nanostructured oxide formed initially in the sol-gel synthesis with a
crystal structure. We want to emphasize that the VO1 3 should not be
considered as a unique model, which is evident from the fact that
several similar oxides provide almost as good fits (Figure S 3).
Instead, obtained is a description of the structural motifs in the
atomic structure. In this case the gallium nitrate and chromium
nitrate break down to form a nanostructured oxide with
tetrahedrally and octahedrally coordinated metal ions which
resembles the atomic structure observed in the crystal structures of
spinel oxides and other related oxides such as VO;3. The sample
synthesized at 400 °C is only ordering to 6 A and it might be more
correct to consider this structure as an amorphous structure with
tetrahedrally and octahedrally coordinated metal ions.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5: (a) Fit of the spinel structure in Figure 4b to the PDF obtained from
the 725 °C sample with the occupancy of the tetrahedral site refined. The
inset shows that the Oq distance of the spinel structure is too short to
describe the experimental PDF. (b) Fit of the VO3 phase to the PDF obtained
from the 725 °C sample. (c) VO3 crystal structure. The arrows indicate the
two sites which occupancy ratio is refined in the fit in (b). O is shown in red,
and the remaining atoms are Ga. The colors of the polyhedra correspond to
different metal sites in the VOu.3 structure.
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Figure 6: (a) Neutron total scattering data obtained for the 400, 600, 800 and
1050 °C samples. (b) PDFs obtained from the scattering patterns in (a)
compared to a calculated PDF of graphite with a crystallite size of 8 A. (c)
Comparison between the X-ray and neutron PDFs obtained from the 1050 °C
sample.

The X-ray PDF reveal that upon heating the gel formed from water,
metal nitrates and citric acid, it is transformed into a nanostructured
oxide. Upon heating to 800 °C the nanostructured oxide is converted
into much more crystalline oxides. The crystalline oxides are then
reduced to form the MAX phase. This is further supported by the

6 | J. Name., 2012, 00, 1-3
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Graphite

10
r (A)

Figure 7: (a) Fit of the crystalline structures to the neutron PDF obtained
from the 1050 °C sample. The difference curve is compared to a calculated
PDF of graphite with an 8 A crystallite size. (b) Fit using nanostructured
graphite and the crystalline structures obtained from the Rietveld
refinement to neutron PDF obtained from the 1050 °C sample. (c) Same fit
as in (b), but where disorder has been introduced in the graphite model by
refining the z position of the C atoms.

EXAFS data in Figure 3, where the high temperature data clearly
show scattering paths for Cr,GaC, as well as the near-edge analysis
(Figure S 4), which indicates a change in oxidation state and a
possible gradual exchange of O with C.

The carbon is not reacting with the Cr and Ga until the very end of
the reaction and must therefore be bound somewhere until the
temperatures are high enough to facilitate the reduction of the oxide
(see also Figure 8). Citric acid decomposes at temperatures around

This journal is © The Royal Society of Chemistry 20xx
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175 °C3* (which is also observed in the DTA-MS data, see below
Figure 8) and in order to better detect the carbon we turned to
neutron total scattering and pair distribution function. The neutron
total scattering and the resulting PDFs are shown in Figure 6 (a) and
(b). The neutron PDF and the X-ray PDF from the 1050 °C sample are
compared in Figure 6 (c) and the neutron PDF data contain several
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Figure 8: (Top) Semiquantitative MS data of the major gases emerging from
the Cr.GaC gel upon heating. Traces denoted with their respective m/z cannot
be unambiguously assigned to a single gas. Here, possible gases are listed in
parentheses. (Bottom) DTA-TG recorded simultaneously. Grey dashed lines
added as a guide to the eye.

intense peaks that are not present in the X-ray PDF. Most noticeable
are the three peaks at 1.4 A, 2.45 Aand 3.75 A.

We can isolate the contribution from the structure giving rise to
these peaks by fitting the neutron PDF obtained from the 1050 °C
sample with the crystalline models used in the Rietveld refinements
(see Figure 1). This yields the fit shown in Figure 7 (a), which shows
that the crystalline structure describes the neutron PDF very well
beyond 8 A. Below 8 A a nanostructured phase makes a major
contribution to the experimental neutron PDF. As shown in Figure
7 (a) the PDF peaks not described by the crystalline phases can be
identified as the interatomic distances in graphite. Including a
nanostructured graphite phase with a spherical crystallite of 8 A in
the fit of the neutron PDF yields the fit in Figure 7 (b). The graphite
model greatly improves the fit of the first 8 A, however as indicated
in Figure 7 (b) there are still a few peaks which cannot be fitted by
the model. It is well-known that the carbon sheets in disordered
carbon are not completely ordered.3>37 We can introduce the

This journal is © The Royal Society of Chemistry 20xx
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disorder in the carbon sheets by breaking the space group symmetry
of graphite and refine the z coordinate of the carbon atoms in the
graphite model. This results in the fit and the structure in Figure 7 (c).
The peaks from the nanostructured disordered graphite are present
in the PDFs obtained from the 400, 600, 800, and 1050 °C samples
which show that already at 400 °C the citric acid has decomposed to
a nanostructured disordered graphite-like phase, which is in line with
the DTA-MS data (see Figure 8 and following discussion) as well as
expectation for this reaction based on the decomposition
temperature of citric acid.3® The PDF obtained from the 400 °C
samples contain a major negative peak at roughly 1 A. Only bonds
involving hydrogen have a length of 1 A and hydrogen is also the only
element in the synthesis which has a negative neutron scattering
length. The peak disappears when heating to 600 °C, which is again
in line with the DTA-MS data that show the emission of hydrogen
around 500 °C. PDF cannot reveal what the hydrogen is bonded to,
but it is likely the carbon species.

The DTA-MS analysis (Figure 8), as previously mentioned, supports
the mechanistic hypotheses. The reaction commences with the
decomposition of the organics, accompanied by a major mass loss
around 200 °C. Expectedly, these reactions release mainly CO,, CO
(decomposition under oxygen deficiency), and H,0, but also some
nitrogen detectable (due to
fragmentations visible both in the CO/N; trace and the m/z 14 trace,

elemental contributions are
confirming the presence of nitrogen). The latter is in line with a
previous study on sol-gel derived Cr,GaC and stems from the utilized
nitrate precursors.* The next major reaction is the formation of the
oxidic species discussed earlier, accompanied by the release of
hydrogen gas, as hypothesized based on the PDF analysis. The final
reduction reaction mentioned earlier is also visible in the DTA-MS
data. Around 950 °C, an exothermic peak alongside the final mass
loss occurs during the last peak of CO leaving the system. Here, based
on the absence of both CO, and m/z 14 (i.e., N,), the CO/N, signal
(m/z 28) can be unambiguously assigned to CO, which is further
strengthened by the presence of m/z 12 (possible fragments of CO
and CO,, inset Figure 8). Interestingly, the reduction appears to occur
at two temperatures, about 100 °C apart at 850 °C and 950 °C. It is
reasonable to assume that the reduction commences around 800 °C
and reaches its maximum above 900 °C, which is the temperature
where the equilibrium between graphite and oxygen peaks in favor
of the reducing agent CO (Boudouard equilibrium).3? This is also
reflected in the peak intensities, which reach the maximum at higher
temperatures.

Based on this, the reduction via CO, and PDF analysis of the graphite
species, we can provide some guidance around the applicability of
the sol-gel method within the MAX phase family. Firstly, highly
oxophilic metals, such as Al or Ti, will require very high temperatures
to allow for the reduction,*° at which point the MAX phase might not
form due to the very high reaction temperature. Secondly, the
reductive power reaches a maximum around 1000 °C,3° which means
the most efficient systems should have synthesis temperatures in
that regime, which again requires the metals to be reducible at or
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below that threshold. Moving forward, the Ellingham diagrams#° give
guidelines as to which metal combination in the MAX phase family is
a potential viable pairing with sol-gel chemistry. It should be noted,
however, that the Ellinghams diagrams are based on bulk solid-state
data, and hence, might not accurately predict the behavior in sol-gel
based reactions. In fact, based on a very recent work,*! we found
Cr,GeC and V,GeC to be viable candidates for this technique, proving
two points: (i) compounds with a synthesis temperatures around the
1000 °C threshold are feasible if their composition excludes oxophilic
metals; (ii) Ellingham diagrams need to be used cautiously as all
metals in that study (Cr, V, Ge) have reported reduction
temperatures that are (partly significantly) higher than the synthesis
temperature used. Based on these three MAX phases, the discussed
mechanism appears to be generally applicable, where the initial
combustion of the carbon source leads to the formation of
nanostructured, disordered graphite, and the initially formed metal-
oxygen species are replaced by bulk oxides before the final reduction
into the target phase occurs. Hence, the present study easily
transcends into other realms of materials chemistry and can be used
as a guide for materials syntheses both for more complex ternary
carbides as well as binaries.

Amorphous
with tetrahedral

and octahedral

Cr/Ga o~
Spinel-like
Cr/Ga Oxide

600 °C

B =

cr,0, MAX phase

Cr,GaC

800 °C 1000 °C

200 °C 400 °C

Figure 9: Schematic overview of the most critical steps in the sol-gel reaction
forming Cr.GaC, as elucidated based on the presented data.

Using both the neutron and X-ray PDF, EXAFS, and DTA-MS we have
identified the important structural steps in the sol-gel synthesis of
Cr,GaC and the reaction can be summarized as done in Figure 9. First
the citric acid is decomposed to a nanostructured disordered
graphite-like structure, while simultaneously the metal nitrates are
forming a nanostructured oxide with tetrahedrally and octahedrally
coordinated metal ions. Upon heating the oxides grow and
eventually form bulk oxides, primarily Cr,0s. Finally, the carbon
reduces the oxides to form the desired MAX phase.

Conclusions

The present study successfully provides profound insights into the
reaction mechanism of sol-gel synthesized MAX phase Cr,GaC. We
show, by employing a variety of advanced ex- and in-situ techniques,
light can be shed onto reactions taking place even at comparably low
temperatures where no crystalline phases have formed yet. Using

8| J. Name., 2012, 00, 1-3
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this approach, we conclude that the sol-gel synthesis of Cr,GaC
consists of two separate reactions taking place beside one another,
and only at the very end merge into the final product-yielding
reaction. While citric acid decomposes into nanostructured
amorphous graphite, the metal nitrates undergo a multitude of
changes along the way until the ultimately formed crystalline oxides
are reduced by the graphite and Cr,GaC is formed. Based on this
knowledge, we provide guidelines and propose a certain
extrapolability of this mechanism to other MAX phases and in
general, carbides. Due to the initial oxidation of metals, we suggest
to be limited to those metals that can be reduced by graphite around
1000 °C, as that temperature provides the strongest reductive
atmosphere. Furthermore, as the graphite side of the mechanism is
not directly linked to the metals initially, these findings explain the
interchangeability of the carbon source demonstrated in various

ways in the literature.
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